Surrogate glasses were fabricated by the sol-gel process aiming to produce compositions similar to naturally occurring tektite. The volatile species in the xerogel samples were removed by heat treatments. All products were characterized by thermal analysis, scanning electron microscopy, X-ray diffraction and energy dispersive spectroscopic techniques. The elemental distribution in the surrogates was found to be more homogeneous than the one observed in natural materials. This work presents an alternative to generate target materials for the validation of techniques aimed to comminute samples in the nuclear forensics field, making the comparison between the pre and post-treatments more viable.
Introduction
Critical to any nuclear forensics investigation are the chemical, physical, and isotopic analyses of the gathered evidence [1] [2] [3] . Man-made signatures derived from illicit nuclear devices are either detected directly as in artificial isotope detection [1] or inferred from the observation of unique isotopic and/or chemical markers [4, 5] . For a nuclear blast or similar event, debris is gathered for analysis, which often means soil and/or sediment samples collected from the vicinity of the event. Whatever the source maybe, elements of interest must be separated in a way that contaminates are not introduced in the processing of specimens. In addition, because sample sizes are often small, processing of samples should involve as little loss of material as possible [2, 6] . These two restrictions, separation of components and small amounts of material available, place limits on the typical separation techniques employed, e.g. mechanical comminution or chemical separation by dissolution with a concentrated acid. To solve these problems, a new technique for collecting specimens was developed involving the rapid communications of samples termed laser-driven hydrothermal processing (LDHP) [6, 7] .
Initial testing of LDHP was performed on quartzite [6] and concrete [8] by Mariella et al. Further studies conducted at the Naval Postgraduate School by Menon et al., was performed on naturally occurring minerals, tektite and obsidian [9, 10] . The aim of the later work was to characterize LDHP processed material like trinitite, a glass which was formed during the first atomic bomb test. Both tektite and obsidian bear similar methods of formation and composition to trinitite [11] . Tektite was specifically investigated because the glass forms under high temperature and pressure for a short duration followed by rapid quenching [12, 13] . The heterogeneous microstructure of naturally occurring minerals makes difficult a direct correlation between specimen composition before and after LDHP. Thus, in order to evaluate the mechanism and processing conditions of LDHP or similar techniques, a homogeneous sample will be ideal [14] . This requires the synthesis of surrogate glasses with a similar chemical make-up to tektite but with a homogeneous elemental distribution.
Surrogate glasses have been produced to simulate radioactive materials [15] [16] [17] . The composition of fission products as a result of differences in condensation rates after a nuclear blast was also simulated by Carney et al. where surrogate glass based on the polymerization of tetraethyl orthosilicate were produced. Trace amounts of uranium was incorporated into the glass, which then was subjected to neutron irradiation. Isotopic measurements were conducted on the resulting fission products [15] . Synthetic melt glass was also designed to simulate trinitite. A high-temperature furnace was used to rapidly cool a mixture of metal oxides and SiO 2 leading to formation of melt glass with similar chemical composition and morphology to trinitite [17] . These trinitite surrogates were processed at high temperature and exhibited a heterogeneous morphology.
This work, in contrast, aims to develop a protocol to fabricate surrogate glasses that resemble the elemental composition of tektite while exhibiting a homogeneous phase distribution. It is worth noting that the term tektite refers to natural glass formed during meteroite impacts, they are found around the world and present variation in elemental make-up. Table 1 shows examples of tektite compositions, expressed as oxides, that were used as the target in this study. Moldavite, a form of tektite, was used for inclusion distribution comparative microscopic analysis. Unlike previous surrogate development, the surrogates produced here had a more complex composition, including up to eight different cations, and a lower temperature processing technique. The method described herein to produce a glassy surrogate could enable the generation of specimens with homogeneous phase distribution, thus, all regions of the sample before forensic processing are equivalent simplifying evaluation of the material under scrutiny and validating rapid communication techniques (LDHP in this case).
Experimental

Fabrication
Samples were fabricated by the sol-gel process, a multistep wet chemical method of producing materials (usually silica and titania based materials, e.g. solid oxide ceramic fabrication) with greater homogeneity than other methods and at lower processing temperatures [21] [22] [23] . The general steps in this method begin with hydrolysis where liquid or powder precursors are mixed with water and other solvents, usually alcohols, to form the "sol." Water and other organics are removed through condensation leading to limited polymerization [24] . Growth of polymer networks leads to linking and the formation of a "gel," a soft jelly-like solid (the gel in this case is a xerogel). Drying and dehydration, conducted at moderate temperatures, removes more of the liquid precursors trapped in pores of the gel. The final step is a high temperature processing step, densification, leading to a dense final product. In depth reviews of the process include [25] [26] [27] [28] [29] [30] . Table 2 lists all the precursors and catalysts used in the fabrication of the surrogates. The chemicals are grouped according to the pH of the final solution, e.g. hydroxides are found exclusively in the high (basic) pH formulations while hydrochloric acid is found in the low (acid) pH formulations. Table 2 also lists the element constituents provided, e.g. aluminum was provided by aluminum nitrate nonahydrate for both acid and base formulations. During the hydrolysis step, chemical reactions are sped up by the addition of catalysts. For the acid surrogates, the catalyst is hydrochloric acid; for the base, ammonium hydroxide and ammonium fluoride. Deionized (DI) water and ethyl alcohol (EtOH) were used as mediums in both acid and base formulations.
For both the basic and acid pH formulations, two solutions were prepared separately. One solution was a mixture of the stoichiometric amounts of titanium (IV) isopropoxide, tetraethyl orthosilicate, and EtOH; here called solution 1. The second solution, solution 2, was a mixture of the stoichiometric amounts to produce the composition presented in Table 1 of the chemical catalysts and the other chemical precursors in EtOH and DI water. Solution 1 was the same for both basic and acid pH formulations. Chemicals mixed in solution 2; however, depended on the pH of the formulation. Solution 2A refers to the acid formulation and 2B for the basic formulation.
The procedure for both formulations was the same; however, the chemical precursors and catalysts were different as stated before. For the acid pH formulation, solution 2A contained hydrochloric acid while the basic solutions had ammonium fluoride and ammonium hydroxide. To get magnesium, potassium, and sodium into the samples via the basic formulation, representative hydroxides were added to solution 2B. For the acid formulation, hydroxides were replaced with potassium bromide, magnesium nitrate hexahydrate, and sodium nitrate.
For both acid and base, EtOH and the chemical catalyst was added to DI water. Then the chemical precursors were added to solution 2A or 2B one by one until completely Table 1 Chemical composition of Indonesian tektite (Mama's Minerals, Albuquerque, NM, USA) measured by EDS [9] and compared to the average composition of tektite gathered from the Australasian strewn field [18] Chemical composition of Australasian tektites and microtektites were determined by atomic absorption spectroscopy and emission spectroscopy [19] and electron microprobe analysis [20] respectively Measured composition (wt%) from [9] Average composition (wt%) from [18] [19] [20] dissolved and/or a homogeneous mixture was reached. The final mixing step, both for 2A and 2B solutions, was to add finely crushed iron (III) nitrate nonahydrate and mix until completely dissolved. Solution 1 was placed in a sand bath which was set on top of a hot plate with a magnetic dial. The magnetic field was turned on and a magnetic stirrer was placed in solution 1 to provide continuous mixing while the hot plate was set to 80.0 °C. Solution 2A or 2B was then slowly added to solution 1. The magnetic stirrer was left in the combined solution until the formation of the gel prevented further movement.
Following the formation of a gel, the samples were placed in a Barnstead Lab-Line L-C oven and covered with a concave glass cover to allow enough off-gassing. The oven was set to 60 °C and the samples were dried for 60, 80 or 120 min. The oven was then turned off and the samples were kept in the oven to finish drying. After characterization of the as-fabricated glass surrogates, further heat treatment was performed on samples for the dehydration step.
Dried samples (xerogel) were placed in a high alumina combustion boat (CoorsTek), which was then placed in a programmable furnace, a Lindberg Blue M (Thermo Scientific). The samples were exposed to air, which flowed past the samples during heating. This allowed vapors from further off-gassing to flow away from the samples. Two different heat treatments were applied.
In heat treatment #1 (HT1), the oven was heated to 50 °C over a period of 250 min and allowed to dwell for 120 min. The oven then was set to 110 °C and reached this temperature after 600 min and allowed to dwell for 120 min. The final temperature was set to 350 °C and heated for 1200 min, after which, the oven dwelled for 120 min. In heat treatment #2 (HT2), the oven was set to 825 °C and heated up to this temperature over a period of 800 min and then allowed to dwell here for 120 min. For surrogates produced via the basic or acid formulation, some samples were given HT1 while others were given HT2. The resulting properties were then characterized and compared. Heat treated samples were also compared to the as-fabricated xerogels. From this point on samples not heat treated will be referred as acid or basic xerogel and heat-treated samples will be called acid or basic surrogates.
Characterization techniques
Thermal analysis was conducted utilizing a Netzsch STA 449 F3 Jupiter with simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Samples were analyzed either as solid sections or mechanically pulverized in a mortar and pestle. The specimens were placed in alumina crucibles, loaded into the TGA/DSC, and exposed to an Ar/O 2 atmosphere at temperatures up to 1200 °C and a heating rate of 2.0 °C/min. This technique allowed determining the temperatures at which most volatiles species were lost and the points where amorphous to crystalline transformations occurred.
X-ray diffraction (XRD) analysis was conducted on the powder specimens using a Rigaku MiniFlex 600 X-ray diffractometer operated at 40 kV and 15 mA with a Cu metal target (1.5418 Å Kα lines). Diffraction data was collected in the 2θ range of 10°-90° at 3°-5°/min with a step width of 0.02°. Collected data was then analyzed using Rigaku PDXL software and XRD processing, identification, and quantification software, JADE, version 9. The crystallinity was calculated using PDXL, an integrated powder X-ray analysis software package that provides various analysis functions based on the experimental powder X-ray diffraction pattern. Sample data was loaded in PDXL; peak and background fitting was performed; peaks were then identified including amorphous peaks; and finally whole powder pattern fitting was performed. The percent crystallinity was then automatically calculated by PDXL. For scanning electron microscopy (SEM), a 3.0-8.0-nm layer of 80Pt-20Pd coating was deposited on bulk and crushed samples to reduce surface charging. The thin layers were applied by sputter deposition using a Cressington Sputter Coater 208HR. Microstructural imaging was performed using a Zeiss Neon 40 field emission SEM. Connected to the SEM was an EDAX EDS system with a solid-state detector. The EDS spectra and mappings were generating using a beam of electrons accelerated at 20 kV. Elements present were quantified as elements, with the difference made up by oxygen, and corrected using a ZAF correction [31] , i.e. difference by oxygen standardless (semi-quantitative) method. With these techniques the microstructural features and phase distributions were studied. For back-scatter electron imaging, a LEO four-quadrant back-scatter detector, type 815, was used.
Results and discussion
Thermal analysis
The mass and heat flow changes suffered by the samples when heated for both acid and basic surrogate glasses are shown in Figs. 1 and 2 , respectively. The thermal behavior of surrogate glasses fabricated by the two approaches was similar. In Fig. 1 , the acid xerogel presents two large endothermic peaks in the DSC data: one event below 100 °C and the other event occurring between 100 and 200 °C. These signals are due to the off-gassing of solvents (ethanol, water) and other volatile components respectively. The second peak seems to have more than one maxima, such effect might be due to the simultaneous dehydration and decomposition of multiple compounds. The DSC signal then presents a smaller peak that corresponds to an extended event, likely linked to the loss of organic components that occurs between 200 and 400 °C. The TGA mass losses align with the transitions previously mentioned; approximately 30% of the mass is lost in the off-gassing that occurs below 100 °C, closely followed by another 30% loss up to 200 °C, then the behavior changes, the mass gets reduced at a slower rate, reaching a steady weight at 400 °C with a residual mass of 32% of the original. The heat flow signal suffers a transition at 800 °C that does not involve mass changes in the TGA; such is linked to crystallization of the specimen as X-ray data will later show.
For the basic formulation, the xerogel decomposes in a similar fashion to the acid one, presenting DSC signal and mass losses below 100 °C, followed by DSC peaks that encompass multiple reactions, all resulting in a mass loss of almost 60% when the temperature reaches 200 °C. The sample then decomposes at a slower rate, reaching a steady mass at 400 °C with a residual mass of 31% of the original weight. The process observed in the acid sample at 800 °C is barely noticeable in the basic xerogel, looking more like an inflection in the curve than a peak. Based on the TGA/ Fig. 1 Thermogravimetric (mass%) and differential scanning calorimetry (heat flow) data generated from heating the as-fabricated acid xerogel DSC data presented, it was decided that to follow the evolution of the samples, specimens will be analyzed in the (1) as-fabricated state, (2) after a 350 °C (HT1) and (3) after 825 °C (HT2).
X-ray diffraction
Plots of X-ray diffraction of both the acid and basic surrogate materials are shown in Fig. 3a, b respectively. In Fig. 3a , the as-fabricated specimen shows a broad amorphous peak characteristic of glass phase materials. The broad peak centered around 2θ = 26° corresponds to the local scale arrangement of silicon and oxygen groups [32] . There is a short plateau following the broad peak which indicates a reordering of the local structure of the glass network.
Heat treatment of samples caused a change in the arrangement of Si-O bonds as indicated by small shifts in the position of the broad amorphous peak. Samples of this formulation partially crystallized after heat treatment at 350 °C (HT1) as indicated by the peaks overlaying the amorphous background. The intensity of the crystalline peaks increased when samples were heat treated to 825 °C (HT2). The percent crystallinity of both the acid and basic fabrications increased when the heat treatment temperature increased [33] . Calcium aluminum iron oxide is a part of a class of magnetoplumbites, which can be fabricated using the traditional ceramic method [34] . Crystallites of Fe 9 TiO 15 have been previously formed via the sol-gel method [35] . Silica aerogels and xerogels produced with iron (III) nitrate nonahydrate were shown to exhibit an allotrope of iron (III) oxide, hematite (also referred to as α-Fe 2 O 3 ) [36] and maghemite (also known as γ-Fe 2 O 3 ) [36, 37] , respectively. Maghemite; however, was not identified in the XRD peaks measured for both acid or basic xerogels. Therefore, the phases identified in the XRD analysis were limited to Fe 9 TiO 15 , α-Fe 2 O 3 , or both.
X-ray diffraction of naturally occurring tektite, as presented by Menon et al. [9] , shows regions with an amorphous phase and regions with high crystallinity; in contrast, every part of the specimens analyzed herein showed the same pattern, thus inhomogeneity in XRD was not observed in as-fabricated surrogates. Calcium carbonate (CaCO 3 ), aluminum silicate (Al 2 O 3 -SiO 2 ), and sodium aluminum silicate (Na 1.15 Al 1.15 Si 0.85 O 4 ) were identified as the dominant crystalline components in tektite. In contrast, the synthetic samples do not show any evidence of silica or alumina crystalline components, indicating that those elements are only found as amorphous components in the surrogates produced.
Microscopy and microanalysis
Images of surrogates were captured using both a consumer grade camera and SEM as shown in Fig. 4 . Upon drying, the acid xerogels were observed to be glassy yet opaque solids with an orange tinge (Fig. 4a) while the basic xerogels exhibited translucence with a darker reddish hue (Fig. 4c) . The color in both cases was caused by addition of the Fe and Ti precursors to the initial solutions. When xerogels were produced with only Si, Al, K and Mg, dried gels were opaque and white or transparent. The difference in translucence between the two sets of xerogels in the figure was due to processing differences, i.e. different precursor chemicals leading to different gelation times (13 min for acid fabrications and nearly 60 min for basic fabrications) and the consequences of such differences in the bonding and structures of the newly formed solids.
As-fabricated xerogels initially formed fragile centimeter sized solids. Shown in Fig. 4a , c, pieces of as-fabricated xerogels broke away from initial pieces with little effort. During SEM sample preparation, extensive cracking of xerogels was observed as seen in SEM images (Fig. 4b, d ). Heat treatment caused further breakage of xerogels to sub-millimeter sized pieces. This was due to off-gassing of solvents and other volatiles during heating as seen in the DSC/TGA plots (Figs. 1, 2) . For the acid xerogel, heat treatment caused samples to break extensively resulting in sub-millimeter sized glass shards with a translucent appearance much like the basic xerogels. No change in the visual appearance of the basic surrogates was observed except for the breaking of initially large (> 1.0 cm) samples into smaller pieces.
For xerogels, the silica network forms the skeleton of the glass phase and porosity forms a "second" phase [38] . The rapid gel time of the acid surrogates mean a higher percentage of alcohol and water trapped during gelation leading to increased scattering of light and higher opacity. Slower gelation time in the basic surrogates leads to increased off-gassing and lower porosity ultimately leading to increased transparency. Heat-treatments removed trapped alcohol, water, and other gases allowing pores to collapse and increasing transparency in the acid surrogates X-ray microanalysis via EDS showed a greater elemental uniformity in surrogate samples when compared to the natural specimens.
Measured and averaged results of EDS analysis on acid and basic surrogates were compared to the average tektite composition taken from Table 1 . The target composition of tektite represents the average of multiple values found in the literature. For the analysis of surrogates, it is worth noting that sampling was made in multiple spots of every specimen. In all surrogate products, all the elements of interest exhibited similar composition at every spot, pointing to a uniform phase distribution. Chlorine was observed in the as-fabricated samples; however, chlorine is not a constituent of tektite [18] [19] [20] . Chlorine remains after the formation of a xerogel due to incomplete off-gassing; however, after heat treatment at 825 °C (HT2), the surrogate products are almost completely free of it as seen in Fig. 5 . When compared to as-fabricated specimens, heat treatment caused the relative iron content in the acid and basic surrogates to increase. Aluminum, calcium, and magnesium also increased in relative composition, while silicon, potassium, and sodium decreased in relative composition after heat treatment of both acid and basic surrogates. This does not mean surrogate samples lost elements like silicon or gained elements such as iron during heat treatment. The results shown in Fig. 5 signify a relative change in composition occurred due to the loss of chlorine. Heat-treated surrogates exhibited similar chemical composition despite the use of different chemical precursors in the two fabrication routes. The composition of iron in the surrogates was considerably higher than that found in tektite. Figure 5 shows the composition of surrogates are similar to tektite; however, the overall surrogate compositions were not close to the measured tektite composition found in Table 1 . Adjustment of input chemicals is required to obtain the exact target composition.
Optical microscopy images of samples of moldavite show micro-meter sized inclusions as seen in Fig. 6a . Secondary electron image, in Fig. 6b , of the same moldavite sample reveal a distribution of shapes and sizes of the inclusions distributed throughout the sample. The inhomogeneity of moldavite is clear upon visual and low magnification investigation, compositional contrast was also observed as previously reported [39] . Seen in Fig. 6c , back-scatter electron imaging reveals different chemical make-up between inclusions and the surrounding silica matrix. The moldavite inclusions appear with varying contrast due to the composition and depth of the inclusion within the silica matrix. Chemical analysis showed inclusions were richer in elements such as Fe and/or Ti. Inclusions were also observed in as-fabricated surrogates (acid surrogate in Fig. 7a and basic surrogate in Fig. 7b) ; however, the size of the inclusions were quite small (submicron sizes) when compared to the moldavite inclusions and were uniformly distributed across samples studied under the electron microscope. Moreover, their distribution seems to be highly homogeneous. SEM/EDS analysis performed in multiple spots of the surrogate samples confirm the distribution and size of inclusions to be much more homogeneous than in the natural counterpart. Figure 8 shows a secondary electron image of a heattreated (HT2) acid surrogate and EDS maps of the sample for the elements: Si, Fe, and Ti. The elements are uniformly distributed throughout the sample. Figure 8 shows that even after heat-treatment, which causes the formation of crystallites (Fig. 3) , surrogate samples contain small inclusions as compared to tektite with relatively large sub-millimeter sized inclusions. Previous work on tektites found some of the observed inclusions were rich in Fe and Ti [9] , the same was found in this work. At higher magnifications of heat-treated surrogate samples, EDS analysis revealed Fe-rich inclusions. Unlike in tektite; however, these inclusions were sub-micron in size. Microscopy and X-ray microanalysis found surrogate samples had similar chemical composition to tektite on average with a uniform phase distribution unlike tektite specimens. Tektite, in general, contains large inclusions rich in metals heavier than Si, such as Fe and Ti. As mentioned in the introduction, it is difficult to validate techniques with specimens in which different spots of the specimen being treated contain different composition since it would be difficult to compare, and contrast analysis performed in treated versus untreated areas. Because the elements and inclusions in the surrogates are distributed uniformly and the size of the inclusions are quite small when compared to inclusions found in tektite, it is expected that comparing spots in the untreated matrix before and after treatments will be directly comparable.
Conclusions
Surrogate glasses were fabricated to chemically resemble naturally occurring tektite but with a homogeneous distribution of elements. Heat-treatment of surrogates caused the formation of Fe and Ti-rich inclusions. Simultaneous thermal analysis showed the evaporation of volatile elements such as chlorine. Thermal analysis and XRD also revealed crystallite formation during heat treatments. X-ray diffraction analysis showed as-fabricated surrogates with an amorphous phase while heat treated samples with up to 51 wt% and 83 wt% crystallinity in the acid and basic surrogates respectively. In addition, XRD indicated crystallites Fe and Ti rich, similar than inclusions found in tektite. Microscopic and chemical analysis showed surrogates had a homogeneous elemental make-up before and after heat treatment for the two routes employed (acid vs basic) while exhibiting similar chemical composition to tektite. In sum, this work presents a fabrication alternative to generate target materials for the validation of diverse techniques in the nuclear forensics field. The samples present an elemental distribution homogeneous at the micron size, what we believe is adequate to produce suitable comparisons between the pre and post-treatments. 
